3. Ruotsalainen V, Ljungberg P, Wartiovaara J et al. Results. In the GENOA white cohort, loci influencing uric acid were identified on chromosome 8 at 135 cM [multipoint logarithm of odds score (MLS) = 2.4], on chromosome 9 at 113 cM (MLS = 3.7) and on chromosome 16 at 93 cM (MLS = 2.3), but did not replicate in HyperGEN. At these loci, there was evidence of pleiotropy with other surrogates of insulin resistance and genes in the fructose and mannose metabolism pathway were enriched. In the HyperGEN-black cohort, there was some evidence of a locus for uric acid on chromosome 4 at 135 cM (MLS = 2.4) that had modest replication in GENOA (MLS = 1.2). Conclusions. Several novel loci linked to uric acid were identified but none showed clear replication. Widespread diuretic use, a medication that raises uric acid levels, was an important study limitation. Bivariate linkage analyses and pathway analysis were consistent with genes regulating insulin resistance and fructose metabolism contributing to the heritability of uric acid.
Introduction
Uric acid is the main breakdown product of purine metabolism and is largely renally excreted since humans lack a uricase enzyme. Hyperuricaemia is common, particularly among men in the general community. Uric acid can crystalize at levels >6.7 mg/dL [1] . Gouty arthritis and nephrolithiasis are well-described complications of hyperuricaemia, but the vast majority of hyperuricaemic individuals are asymptomatic. Hyperuricaemia is a strong predictor of hypertension, insulin resistance, cardiovascular disease and chronic kidney disease [2] [3] [4] [5] [6] . Established risk factors for hyperuricaemia include factors that increase dietary purines (e.g. animal-based proteins) and decrease renal clearance of purines (e.g. diuretics and alcoholic beverages). Uric acid levels are also heritable [7, 8] , and recent genome-wide linkage analyses have identified quantitative trait loci (QTL) in white and Mexican American families [9] [10] [11] . These studies have also found evidence of pleiotropy in as much as some loci influencing uric acid also influence other surrogates of insulin resistance (e.g. obesity and diabetes). This study sought to compare these previously published studies with results of genome-wide linkage analyses in two biracial study populations: the Genetic Epidemiology Network of Arteriopathy (GENOA) and the Hypertension Genetic Epidemiology Network (HyperGEN), both within the Family Blood Pressure Program (FBPP) [12] . Genomewide linkage analyses of uric acid in these families enriched for hypertension may provide new insight into the genetics of uric acid since hypertension is both common [13] and associated with hyperuricaemia [2] . Hyperuricaemia is also associated with insulin resistance, perhaps via dietary fructose, a common sweetener that raises uric acid levels by depleting hepatic ATP with the conversion to fructose-1-P and the subsequent degradation of AMP to uric acid [14] . By raising uric acid levels, fructose impairs glucose uptake by skeletal muscle and insulin levels rise to compensate [15] . Several recent genome-wide studies have found SLC2A9, a glucose, fructose and urate transporter, to be associated with uric acid levels [16] [17] [18] . Hyperuricaemia may also lead to chronic kidney disease by activation of renin-angiotensin systems, glomerular hypertrophy/hypertension, renal hypoperfusion and tubulointerstitial fibrosis [19, 20] . Bivariate linkage analyses were performed between uric acid and other surrogates of insulin resistance (obesity, diabetes mellitus or triglycerides) and between uric acid and serum creatinine.
Subjects and methods

Subjects
The GENOA cohorts recruited non-Hispanic white and black participants from two centres between 1996 and 2000. In Rochester, MN, the Rochester Epidemiology Project [21] was used to identify non-Hispanic white residents of the Olmsted County general population with a diagnosis of essential hypertension before the age of 60 years. In Jackson, MS, residents with essential hypertension were identified through the Atherosclerosis Risk in Communities cohort, a general population sample of 45-to 64-year-old non-Hispanic black residents. Probands with evident secondary hypertension were not recruited at either site (e.g. serum creatinine >2.0 mg/dL). The hypertensive proband and all siblings were invited to participate if at least one other sibling had essential hypertension. Between 2000 and 2004, 2721 (79%) of the 3434 original GENOA participants (1239 whites and 1482 blacks) returned for a second clinic visit [22] . Serum uric acid levels were measured in 1238 whites and 1468 blacks. Linkage analyses were based on the pedigree relationships of all GENOA participants and the genome-wide microsatellite markers available in 1075 whites and 1333 blacks with measured uric acid levels.
The HyperGEN cohorts were recruited between 1996 and 1999 from five centres: Framingham, MA; Minneapolis, MN; Salt Lake City, UT; Forsyth County, NC; and Birmingham, AL. The NHLBI Family Heart Study was used to identify hypertensive sibships in Massachusetts, Minnesota, Utah and North Carolina. Additional black participants in North Carolina and Alabama were recruited through a variety of media and community sources. As with GENOA, hypertension was confirmed at the study visit by a systolic blood pressure >140 mm Hg or diastolic blood pressure >90 or treatment with anti-hypertensive medications before age 60 years [12] . Probands with evident secondary hypertension were excluded. In addition to the sibships (n = 2342 individuals), parents and unmedicated offspring of index siblings (n = 665 individuals) and a random sample of the community (mostly spouses, n = 918 individuals) were also recruited. Overall, 3925 individuals (1906 whites and 1926 blacks) participated in the visit. Serum uric acid levels were measured in 1832 whites and 1898 blacks. Linkage analyses were based on the pedigree relationships of all HyperGEN participants and the genome-wide microsatellite markers available in 1542 whites and 1627 blacks with measured uric acid levels.
Measurements
The clinic visit for both the GENOA and HyperGEN cohorts included a blood draw, measurement of height and weight to calculate body mass index (BMI), waist circumference, smoking history and current medications. Use of anti-gout medications was defined as the use of allopurinol, colchicine or probenecid in the last month. Other medications known to affect uric acid levels were also identified: diuretics, aspirin, warfarin, losartan and fenofibrate. Fasting glucose, creatinine, triglycerides and HDL cholesterol were assayed in serum samples. Hypertension was defined by a blood pressure >140/90 or use of anti-hypertensive medications. Diabetes was defined by a fasting glucose ≥126 mg/dL or use of oral hypoglycaemic agents or insulin. Serum uric acid was measured with a standard automated uricase enzymatic assay [23] Data cleaning to verify family relationships and identify sample mix-ups was performed separately at each network as described elsewhere [19, 20] . Genotyping errors that could not be resolved were recoded as missing.
Heritability and linkage analyses
Mean levels of uric acid by gender and race were estimated within the GENOA and HyperGEN cohorts using mixed models, where a random sibship effect was included to model the dependence within a family [24] . The genetic analyses were performed separately in GENOA whites, GENOA blacks, HyperGEN whites and HyperGEN blacks. Uric acid levels were transformed using the van der Waerden transformation to meet the assumption of normality for variance component linkage analysis. Analyses were age-sex-adjusted or multivariable-adjusted (age, sex, serum creatinine, body mass index, current smoker, diabetes, triglycerides, HDL cholesterol, anti-gout medications, diuretics, aspirin, warfarin, losartan and fenofibrate). Alcohol intake and C-reactive protein were available for GENOA; including these variables in models had no substantive effect on the results and is not shown. Excluding individuals on anti-gout medications also had no substantive effect on the results (data not shown).
The heritability estimate was computed as the percent of variance in the quantitative measure of uric acid that is explain by the familial relationship, h 2 =σ 2 a (σ 2 a +σ 2 ε ), where σ 2 a is the variance due to shared familial effects and σ 2 ε is the residual variance from a polygenic model [25, 26] , after adjustment for age and sex.
Quantitative linkage analysis using a variance component approach was implemented using the multic R library [25] [26] [27] . Identity by descent matrices were computed using Simwalk2 [28, 29] . Allele frequencies were estimated based on each study cohort. Test for linkage was based on the likelihood ratio test with LOD scores also calculated. For the genome-wide univariate linkage analyses, a MLS >3.00 (P < 0.0001) was considered statistically significant evidence of linkage and a MLS >2.00 (P < 0.001) was considered suggestive evidence of linkage [30] . The genome-wide linkage results were compared between the GENOA and HyperGEN cohorts to assess replication. Meta-analyses for both whites and blacks were also completed by combining the linkage results in the GENOA and HyperGEN networks using the GSMA (genome search meta analysis) method outlined by Wise et al. with age-and sex-adjusted LOD scores and 30 cM bins [31] .
Bivariate linkage can have the advantage of greater statistical power than univariate linkage when a single locus influences multiple traits (i.e. pleiotropy). Pleiotropy of loci influencing uric acid and other surrogates of insulin resistance has been previously reported [9] [10] [11] . For this study, bivariate linkage analyses were performed between uric acid and each of the following measures: BMI, diabetes, triglycerides and serum creatinine. The bivariate linkage analysis was completed using an extension of the univariate variance component model [25] [26] [27] 32] , and a test for linkage was conducted using a likelihood ratio test [33] with the multic R library. Diabetes was modelled using a 0-1 indicator variable. For the genome-wide bivariate analyses, a MLS ≥4.00 (P < 0.0001) was considered statistically significant evidence of bivariate linkage and a MLS ≥2.87 (P < 0.001) was considered suggestive evidence of bivariate linkage [34] .
Pathway analysis
Pathway analysis was performed to explore uric acid as a polygenic trait affected by genes enriched in canonical pathways related to uric acid metabolism. Pathway analysis was performed separately in each cohort using all QTL with at least suggestive evidence of age-sex-adjusted univariate linkage to uric acid. QTL were defined by the centimorgan (cM) range for a drop of 1.0 LOD on either side of the MLS. The National Center for Biotechnology Information (NCBI) genome (http://www.ncbi.nlm.nih.gov/mapview) build 36.2 was used to map the Marshfield markers to the physical locations closest to the start and end of the QTL. All genes between the two markers were identified. Canonical pathways associated with the set of genes located within the QTL were explored with Ingenuity Pathway Analysis (Ingenuity Systems, Inc., Redwood City, CA). With this tool, Fisher's exact test was used to determine if a given pathway was enriched by the genes located within the QTL. For this exploratory analysis, statistical significance was defined as a nominal P < 0.05.
Results
Descriptive characteristics of the study populations are shown in Table 1 . In the GENOA cohort, uric acid was 1.0 mg/dL higher (P-value < 0.0001) in men than in women after adjusting for age and race and 0.2 mg/dL (P-value = 0.01) higher in blacks than in whites after adjusting for age and sex. In the HyperGEN cohort, uric acid was 1.2 mg/ dL (P-value < 0.0001) higher in men than in women after adjusting for age and race and 0.3 mg/dL (P-value < 0.0001) higher in blacks than in whites after adjusting for age and sex. Age-and sex-adjusted heritability estimates in the GENOA cohorts were 0.41 ± 0.07 for whites and Table 3 . Significant evidence of linkage (i.e. MLS > 3) on chromosome 9 (MLS = 3.7 at 113 cM) for GENOA whites and suggestive evidence of linkage on chromosome 8 (MLS = 2.4 at 135 cM) and chromosome 16 (MLS = 2.3 at 93 cM) for GENOA whites were not evident in HyperGEN whites ( Figure 1A ). These QTL were attenuated with multivariable adjustment, with only chromosome 9 in GENOA whites having at least suggestive evidence of linkage (MLS = 2.2 at 111 cM). With multivariable adjustment, suggestive evidence of linkage emerged on chromosome 2 for GENOA whites (MLS = 2.3 at 247 cM, age-sex-adjusted MLS = 1.1 at 237 cM). Suggestive evidence of linkage on chromosome 4 (MLS = 2.4 at 135 cM) for HyperGEN blacks was seen with some evidence of replication at the same region in GENOA blacks (MLS = 1.2 at 145 cM) ( Figure 1B) . With multivariable adjustment, this QTL was attenuated (MLS = 1.0 at 153 cM), but suggestive evidence of linkage emerged at another loci on chromosome 4 (MLS = 2.1 at 33 cM) in HyperGEN blacks. The meta-analysis combining the results from the GENOA and HyperGEN cohorts showed no evidence of linkage (P > 0.01) at these QTL or any other region of the genome.
Quantitative trait loci with at least suggestive evidence of bivariate linkage between uric acid and either BMI, diabetes, triglycerides or serum creatinine are presented in Table 4 . All three QTLs for univariate uric acid linkage in GENOA whites had significant evidence of linkage in the bivariate linkage analysis (Figure 2 ). In particular, there was bivariate linkage between uric acid and diabetes on chromosome 8 (MLS = 5.0 at 121 cM) and chromosome 9 (MLS = 5.3 at 129 cM) and between uric acid and BMI on chromosome 16 (MLS = 4.3 at 84 cM). There was suggestive evidence of linkage in HyperGEN blacks between uric acid and BMI on chromosome 4 (MLS = 3.0 at 166 cM) and in GENOA blacks between uric acid and triglycerides on chromosome 14 (MLS = 3.0 at 123 cM). There was also at least suggestive evidence of bivariate linkage between uric acid and serum creatinine at several loci in the GENOA and HyperGEN cohorts.
Ingenuity pathway analysis was performed in each cohort using all QTL with at least suggestive evidence of age-sex-adjusted linkage to uric acid. For GENOA whites, the physical location of the three QTL were chromosome 8, 120 M bp to 129 M bp; chromosome 9, 93 M bp to 112 M bp; and chromosome 16, 57 M bp to 80 M bp. In these regions a total of 437 genes were identified. Pathway analysis using these 'focus genes' identified six enriched pathways and three of these pathways contained genes at two different QTLs: fructose and mannose metabolism (P = 0.013), inositol metabolism (P = 0.020) and aminoacyl-tRNA biosynthesis (P = 0.045). For HyperGEN blacks, the physical location of the QTL was chromosome 4, 97 M bp to 158 M bp; from which 339 genes were identified. There were eight enriched pathways: seven pathways involving the alcohol dehydrogenase superfamily of genes and the coagulation system pathway. The purine metabolism pathway was borderline significant for enrichment (P = 0.11).
Discussion
Among family members with similar serum uric acid levels, there were genomic regions where family members were more likely to share the same alleles (i.e. linkage). For GENOA whites, genome-wide significant evidence of linkage for uric acid was found on chromosome 9 (113 cM) and suggestive evidence of linkage on chromosomes 8 (135 cM) and 16 (93 cM), but these QTL did not replicate in HyperGEN whites. All three QTL showed genome-wide significant evidence of linkage (MLS > 4.0) in bivariate analysis with uric acid and a surrogate of insulin resistance ( Figure 2 ). For HyperGEN blacks, there was suggestive evidence of linkage for uric acid on chromosome 4 (135 cM) that showed some evidence of replication in GENOA blacks.
Other investigators have performed genome-wide linkage analysis for uric acid levels. Evidence for replication of the findings in this study with the findings by other investigators is shown in Table 3 . In the Framingham Heart Study, there was evidence of linkage (MLS = 3.3) on chromosome 15 (50 cM) [9] , but this QTL was not replicated in the GENOA or HyperGEN cohorts. The National Heart, Lung, and Blood Institute Family Heart Study found evidence of linkage (MLS = 3.3) on chromosome 2 (240 cM) for a composite measure of uric acid and seven other surrogates of insulin resistance [11] . This QTL did show some evidence of replication in both GENOA and HyperGEN whites (Table 3 ) and in the Framingham Heart Study (MLS = 1.1 at 256 cM) [9] . At this locus (2q37.3), positional cloning implicated the CAPN10 gene as a type 2 diabetes susceptibility gene [35, 36] . Other studies have not confirmed this association and the mechanism for diabetes risk is unknown [37] . The San Antonio Family Heart Study (Mexican Americans) found evidence of linkage (MLS = 3.3) for uric acid on chromosome 6 (133 cM) [10] . There was some evidence of replication of this locus in GENOA whites (MLS = 0.9 at 138 cM), but not in HyperGEN whites.
In this study, the loci with the most statistically significant evidence for uric acid linkage were on chromosomes 8, 9 and 16 in the GENOA white cohort. These QTL also showed evidence of pleiotropy between uric acid and surrogates of insulin resistance, and the QTL on chromosome 9 also showed pleiotropy between uric acid and serum creatinine (Table 4) . Genes in the fructose and mannose metabolism pathway were enriched at these QTL. The enriched genes were aldolase B (9q21.3-q22.2), fructose-1,6-bisphosphatase 1 (9q22.3), fructose-1,6-bisphosphatase (9q22.3) and fucokinase (16q22.1). Fructose is the only dietary sugar that raises uric acid levels in humans [38] . The development of high-fructose corn syrup may be a major contributor to the increased prevalence of obesity, diabetes and hypertension [15, 39, 40] . By raising uric acid levels, fructose interferes with glucose uptake by muscles and contributes to insulin resistance [15] . The liver responds to a fructose load by sequestration of inorganic phosphate in fructose-1-phosphate leading to decreased ATP synthesis. Decreased ATP synthesis leads to increased inosine, a precursor to uric acid [14] . Of the four genes enriched in the fructose and mannose metabolism pathway, aldolase B is known to have an associated genetic disorder leading to hyperuricaemia. Aldolase B deficiency is a rare autosomal recessive disorder that presents clinically with failure to thrive and fast-induced hypoglycaemia. Heterozygotes for aldolase B deficiency have a greater rise in uric acid levels after ingestion of fructose than that in controls [41] . It is plausible that heterozygotes for aldolase B deficiency or other aldolase B variants explain the QTL found on chromosome 9.
There was suggestive evidence of linkage of uric acid to a locus on chromosome 4 at 135 cM in HyperGEN blacks with evidence of replication in GENOA blacks. This QTL also showed suggestive evidence of pleiotropy with a surrogate of insulin resistance (BMI). While only borderline significant (P = 0.11) for enrichment, purine metabolism is a biologically plausible pathway to account for this QTL since uric acid is the end-product of purine metabolism. The purine metabolism pathway genes were GUCY1A3, GUCY1B3, PAPSS1, PDE5A and SMARCA5, but none have a reported association with hyperuricaemia or insulin resistance. Pathways containing alcohol dehydrogenase genes were enriched at this QTL, in part, because seven members of this gene family are contiguous at this locus. There was also suggestive evidence of multivariableadjusted linkage to uric acid on chromosome 4 at 33 cM in HyperGEN blacks, but without evidence of replication in GENOA blacks. The SLC2A9 gene, a glucose, fructose and uric acid transporter gene associated with serum uric acid levels [16] [17] [18] , is located near this locus on chromosome 4 at 21 cM [age-sex-adjusted log of the odds (LOD) score = 0.9, P = 0.02; multivariable-adjusted LOD score = 1.2, P = 0.01]. Functional polymorphism in the SLC2A9 gene may have caused the linkage in HyperGEN blacks near this locus.
This study and other studies that have identified QTL with linkage to uric acid or QTL with pleiotropic effects between uric acid and other surrogates of insulin resistance have had limited replication. Unlike prior studies, the cohorts used in this study were composed of families characterized by two or more siblings with hypertension. The reason for lack of replication of the findings between GENOA whites and HyperGEN whites is not known. There were differences between the two networks with respect to how the hypertensive subjects were identified, inclusion of normotensive siblings and the multigenerational structure of the families. Instead of large effects of a few genes, small effects of many genes with differences in gene-environment and gene-gene interactions between networks may have contributed to lack of replication [37] . Restricting the biological pathways that influence the phenotype, such as studying the urinary fractional excretion of urate, may improve replication between studies.
Strengths of this study include linkage analysis in two separate networks allowing independent assessment for evidence of replication. In addition, heritability and linkage analysis of uric acid was performed in both non-Hispanic black and non-Hispanic white cohorts. Family-based studies using non-elderly hypertensive probands are particularly relevant given the potential link between hyperuricaemia and the early development of primary hypertension [42] . The pathway analysis provided a systematic approach to identifying candidate genes under uric acid QTLs.
There were also several limitations to this study. Dietary data were not available, and dietary purines are known to have a large influence on serum uric acid levels. Diuretic medication use was common, as expected in families enriched for hypertension, but adjustment for diuretic use in the analyses may not have adequately accounted for all the variability in uric acid due to different diuretic types and doses. The genetic effects on uric acid over a lifetime may not be adequately captured with a single uric acid level. The QTL for uric acid identified in GENOA whites and Hyper-GEN blacks were attenuated with multivariable adjustment. Both age-sex-adjusted and multivariable-adjusted uric acid phenotypes are relevant. Several disease pathways that may be affected by uric acid levels can be overadjusted for, including insulin resistance, hypertension, cardiovascular disease and kidney disease [3] .
In conclusion, QTLs for uric acid with evidence of pleiotropic effects on other surrogates of insulin resistance or serum creatinine were identified on chromosomes 8, 9 and 16 in white families. Genes in the fructose metabolism pathway were enriched at these loci, providing a plausible biological mechanism that may underlie these findings. Quantitative trait loci for uric acid on chromosome 4 were found in blacks, with one locus that showed some evidence of replication and another locus in the region of the SLC2A9 gene. These loci could be explored further with positional cloning or candidate gene association studies. However, given the overall lack of replication of loci for uric acid identified with linkage analysis, alternative approaches may be needed. Genome-wide association studies have shown successful replication of loci for uric acid and may be the optimal approach for identifying genomic regions that influence uric acid levels.
